Localization of Paracentrotus lividus bep maternal mRNAs at the animal pole occurs by association with the cytoskeleton and involves a 54-kDa protein, called LP54, that is able to bind to the 39 untranslated regions (UTRs) of bep mRNAs. We describe here the isolation and purification of this protein. Antibodies raised against purified LP54 allowed us to establish its localization in P. lividus eggs and embryos. This localization coincides with the mRNAs with which it is associated, that is, the animal pole in the egg, and, after fertilization, the regions derived from this part of the egg, and finally the oral ectoderm of the pluteus. Association with the cytoskeleton was shown by the copurification of LP54 in a microtubule preparation. Involvement in bep mRNA localization was demonstrated by microinjection of anti-LP54 antibodies in P. lividus eggs, which caused alteration of spatial distribution of bep3 mRNA.
INTRODUCTION
Localized protein synthesis through cytoplasmic anchoring of mRNAs is a mechanism often used for establishing gradients of proteins, which in turn are responsible for embryonic axis establishment (Ding & Lipshitz, 1993; Wilhelm & Vale, 1993 )+ Cytoskeleton has been found to be involved in these mRNA localization processes in different systems (Yisraeli et al+, 1990; Pokrywka & Stephenson, 1991 , 1995 , often through the binding to the 39 untranslated regions (UTRs) of the mRNAs (St Johnston, 1995) , which are able to fold into secondary structures+ These in turn act as cis-signals for trans-acting factors that mediate the interaction between mRNAs and cytoskeleton+ However, little is known about how and why these factors are involved in the localization pathway+ Identification of these factors might help to clarify this point+ Because most examples of localized mRNAs share several common features, we decided to isolate one of the factors necessary for the localization of Paracentrotus lividus maternal bep mRNAs to begin to understand the mechanism of this process+
We have previously described the localization of three mRNAs and of the corresponding proteins, called bep1, bep3, and bep4, in the animal side of the P. lividus egg, and provided some evidence for a role played by these proteins in establishing the animal-vegetal axis in this sea urchin (Di Carlo et al+, 1994; Montana et al+, 1996) + Bep mRNAs code for cell surface proteins that are involved in the cell-cell adhesion process and are relevant in the morphogenetic events of the animal part of the P. lividus embryo (Romancino et al+, 1992; Di Carlo et al+, 1996) + We have also shown that these mRNAs are associated with the cytoskeleton and that disruption of this network by drugs causes their delocalization (Romancino et al+, 1998 )+ This association occurs through the interaction with a 54-kDa protein, called LP54 (localizing protein), which is able to bind specifically to the 39 UTRs of all the known bep mRNAs (Montana et al+, 1997) + Sequencing analysis has shown that the 39 UTRs of bep1 and bep3 mRNAs are similar both in length and base composition, whereas bep4 appear to be divergent (Montana et al+, 1998 )+ Bep1 is 221 nt long and bep3 is 213 nt long, whereas bep4 is only 141 nt long+ The 39 UTRs of bep1 and bep3 mRNAs each contain potential secondary structures and show small conserved sequence motifs in analogous positions with respect to the distribution of stems and loops, suggesting the presence of a common localization sig-nal+ This signal is also shared with bep4 mRNA, whose potential secondary structure of the 39 UTR resembles a portion of the other two 39 UTRs+ Moreover, microinjected in vitro-transcribed 39 UTR of bep3 mRNA into P. lividus unfertilized eggs is able, after fertilization, to become localized to the animal pole, as does the endogenous bep3 mRNA (Montana et al+, 1998) + To better understand the mechanism of LP54 interaction with the bep RNAs, we isolated this protein and demonstrated its localization in the animal part of P. lividus egg and embryos and its association with cytoskeleton+ We also showed that antibodies raised against LP54 cause release of bep3 mRNA into the cytoplasm from the animal pole of the fertilized embryo+
RESULTS

Preliminary purification of LP54
To obtain enrichment of LP54 from a P. lividus egg lysate, this extract was loaded onto a Q Sepharose Fast Flow ion-exchange column equilibrated in 10 mM Tris, pH 8+8, 1 mM EDTA (TE)+ The flow through eluted with TE buffer was fraction 1+ To obtain the subsequent fractions, the column was washed with a stepwise elution from 50 mM up to 1 M NaCl in TE+ In this way we were able to collect six different fractions+ To analyze the pattern and purity of the proteins, the same volumes of the egg extract were loaded on the column and the eluted fractions were fractionated on an SDS-PAGE (Fig+ 1A)+ The presence of LP54 was tested in a Northwestern assay by interaction with the in vitro-transcribed and labeled 39 UTR of bep3 mRNA (Fig+ 1B)+ A radioactive signal was only detected in fractions 1, eluted with TE, and 2, eluted with 50 mM NaCl in TE (Fig+ 1B, lanes 1 and 2)+ Proteins from fraction 2 were therefore used for preparative SDS-PAGE electrophoresis, and a band of 54 kDa excised and electroeluted+
Specificity of the isolated band of 54 kDa
The eluted band was again tested for binding to the 39 UTR of bep3 mRNA by Northwestern assay, using total egg lysate and bovine serum albumin (BSA) as positive and negative controls, respectively+ The results, shown in Figure 2A , confirm that the isolated protein interacts with this 39 UTR, as it does in the total lysate, whereas BSA does not+ To show if other proteins comigrated with the 54-kDa band, this was run on a twodimensional gel that was then silver stained+ As shown in Figure 2B , only one silver-stained band was present, indicating a high degree of purity of this protein+ Furthermore, a subsequent Northwestern test of this last band was positive for interaction with the 39 UTR of bep3 mRNA (data not shown)+ We therefore used the band eluted from the two-dimensional electrophoresis, after control by Northwestern assay (not shown), to raise polyclonal antibodies+
Specificity of the polyclonal antibodies
We first tested the specificity of polyclonal antibodies raised against the 54-kDa protein by Western blotting+ An SDS-PAGE containing total egg lysate (100 mg), eluted protein (400 ng), and BSA (400 ng) as a negative control was transferred to nitrocellulose and the blot incubated with anti-LP54 antibodies+ A total egg lysate blot was incubated with the preimmune serum as a control+ The results, shown in Figure 3A , show only one band of 54 kDa in lanes 1 and 2 corresponding to the total lysate and to the purified LP54 protein, To test whether the polyclonal antibodies interacted with the LP54 domain that binds the 39 UTR of bep mRNAs, we tested purified LP54 for its ability to carry out this interaction after reacting it with increasing con-FIGURE 1. A: SDS-PAGE of total P. lividus egg lysate (E) and of fractions 1, 2, 3, 4, 5, and 6 eluted from the ion-exchange column (lanes 1-6), stained with Coomassie blue+ On the left, the molecular weights of the proteins utilized as markers are indicated+ B: Western blot of the same samples described above, incubated with in vitrotranscribed and labeled 39 UTR of bep3 mRNA+ The band corresponding to LP54 is indicated by the arrowhead+ centrations (1:1,000, 1:100, 1:1) of antibodies or with the highest concentration of preimmune serum (1:1)+ Subsequently, the Western blots were incubated with in vitro-transcribed 32 P-labeled 39 UTR of bep3 mRNA+ The result of the Northwestern experiment is shown in Figure 4A+ The presence of a decreased signal compared to the control indicates that the anti-LP54 antibodies compete with the binding of the bep3 39 UTR+ To further test the specificity of LP54 binding to bep mRNAs, we challenged either the total egg lysate or the purified LP54 against the 39 UTR of a different RNA, that is, that of histone H2A (Spinelli & Albanese, 1990 )+ The results, reported in Figure 4B , show that a band of 45 kDa (Hanson et al+, 1996) , probably the stem-loop-binding protein, is detectable only in the total lysate (Fig+ 4B, lane 1), and no reaction can be seen with the purified LP54 protein (Fig+ 4B, lane 2), indicating the specificity of LP54 interaction with bep mRNAs+ Moreover, using the data in Figure 3A , we performed a quantitative analysis of the density of the bands between the total extract and the purified proteins to estimate the amount of LP54 compared to the proteins present in the eggs (data not shown)+ We found that LP54 represents about 0+4% of total egg proteins, suggesting that this is a relatively abundant protein+ This proportion calculated per embryo decreases slightly as development proceeds+
Spatial expression of LP54
We have previously shown that LP54 may be implicated in the anchoring of bep messenger RNAs through the cytoskeleton to the animal pole of the sea urchin egg (Montana et al+, 1997 )+ To investigate LP54 localization in the egg and fertilized embryos, we prepared unfertilized and fertilized eggs and embryos for wholemount immunohistochemistry+ Figure 5 shows the results obtained after incubation with polyclonal antibodies against LP54+ A gradient of staining is visible in the cytoplasm of the unfertilized egg (Fig+ 5A), whereas, following fertilization (Fig+ 5C), the staining is more restricted to one pole, the one where the bep mRNAs are localized (Di Carlo et al+, 1994; Montana et al+, 1996) , which is the animal pole, as demonstrated by the presence of the nucleus (Di Carlo et al+, 1996)+ The localization of LP54 in the fertilized egg is probably due to association with the cytoskeleton, as occurs for bep FIGURE 5. Localization of LP54 in P. lividus eggs and embryos+ Whole-mount immunohistochemistry of unfertilized (A) and fertilized (C) eggs, 16 cell stage (D), blastula (E), gastrula (F), prism (G), pluteus lateral view (H), and viewed from the animal side (I), incubated with anti-LP54 or unfertilized egg incubated with preimmune serum (B)+ The arrow in C indicates the nucleus+ Bar: 25 mm+ mRNAs and BEP proteins (Romancino et al+, 1998) + No staining was detected when preimmune serum was incubated with unfertilized egg as a control (Fig+ 5B)+ When immunohistochemistry was carried out on whole mounts of embryos at the 16-cell stage, we found staining in mesomeres and macromeres, whereas no reaction was observed in the micromeres (Fig+ 5D)+ No staining was evident in the vegetal plate and in the primary mesenchyme cells of the blastula (Fig+ 5E) and in the archenteron of the gastrula (Fig+ 5F)+ The staining in both of the last two embryos is restricted to the ectodermal cells, derived from the mesomeres of 16-cell stage+ At the prism stage, LP54 is present to the ectodermal region (Fig+ 5G)+ Finally, at the pluteus stage only the ectoderm of the oral region is stained (Figs+ 5H and 5I)+ We conclude that LP54 is localized in the animal part of the egg, and is not present in the vegetal part of the egg or in the embryonic structures deriving from it+
Association of LP54 with microtubules
As mentioned in the introduction, we previously provided some evidence for the interaction of LP54 with the cytoskeleton for the anchoring of bep mRNAs (Montana et al+, 1997; Romancino et al+, 1998)+ To confirm this association, we purified microtubules from P. lividus fertilized eggs (Suprenant et al+, 1989) and tested this fraction for the presence of LP54 by Western blots using antibodies against LP54+ Antibodies raised against anti-a-tubulin and anti-MAP2 were used as positive controls, whereas yeast anti-hsp60, an antibody that crossreacts with a P. lividus 56-kDa mitochondrial matrix heat shock protein (hsp) (Roccheri et al+, 1997) , or antiactin, and preimmune serum were used as negative controls+ A band of 54 kDa was detected in the microtubule preparation, indicating that LP54 copurifies with this fraction (Fig+ 6, third panel, lane m)+ Enrichment of a-tubulin and of MAP2 was also detected in this fraction compared to the total extract (Fig+ 6, fourth and fifth panels, respectively, lanes m), whereas hsp60 and actin were not found associated with microtubules (Fig+ 6, sixth and seventh panels, respectively, lanes m)+
Effect of microinjection of anti-LP54 on bep localization
If LP54 association with microtubules has a role in bep mRNA localization, the antibodies against LP54 might release LP54 from microtubules and consequently bep mRNA from its physiological sites+ To test this hypothesis we injected into eggs antibodies against LP54 in amounts that roughly correspond to six antibody molecules per bep mRNA molecule [i+e+, by our estimate 5 ϫ 10 3 molecules or 3+7 ϫ 10 Ϫ6 ng per egg (data not shown)]+ The same amount of preimmune serum was injected in other eggs as a negative control+ After microinjection, the eggs were fertilized to observe the described movement of bep mRNAs to the animal cortex (Di Carlo et al+, 1994; Montana et al+, 1996) + Localization of bep3 mRNAs was detected by in situ hybridization (ISH) with an antisense or sense (control) in vitro-transcribed fragment of the 39 UTR of bep3 mRNA+ Out of 150 anti-LP54 microinjected eggs in three different experiments, about 130 were fertilized and after ISH, about 80% showed the distribution illustrated in Figure 7A+ The latter, indeed, shows that anti-LP54 causes release of bep3 mRNA from the animal cortex+ The same number of eggs were microinjected with antibodies from preimmune serum and after ISH, about 70% of the fertilized eggs showed the asymmetrical distribution of bep3 mRNA (Fig+ 7B)+ Thus, no significant effect on the normal localization of bep3 mRNA is detectable when control antibodies are injected+ Furthermore, no hybridization was detected in any of the eggs when sense 39 UTR bep3 mRNA was utilized for ISH of samples microinjected with anti-LP54 (Fig+ 7C)+ To detect LP54, eggs were microinjected with anti-LP54 antibody and the fertilized eggs stained with an Figure 5A , suggesting that the antibodies compete with the movement of LP54 to the cortical region+ When eggs microinjected with antibodies from preimmune serum were incubated, after fertilization, with anti-rabbit AP conjugate as a control, we detected a diffuse staining (data not shown), presumably because the preimmune serum does not recognize any antigen+ These results strongly suggest that anti-LP54 causes release of the bep3 mRNA, and probably of the other bep mRNAs, from their normally fixed distribution+ Thus these data confirm that LP54 is a factor that permits anchoring of bep mRNAs to the animal pole of the P. lividus egg+
DISCUSSION
In this study we report the isolation of an RNA-binding protein involved in the localization process of bep maternal mRNAs, an important step for understanding the mechanism of animal/vegetal axis formation+ This protein, called LP54, binds to the 39 UTRs of bep mRNAs and allows their association with the cytoskeleton (Montana et al+, 1997)+ Thus this protein is a trans-acting factor implicated in the localization of bep mRNAs at the animal pole+ However, we did not know if this protein is also involved in the transport of bep mRNAs to the place in which they are localized and where probably they will be translated into the corresponding proteins+ By Northwestern assay we have found that LP54 is the only protein able to bind to the 39 UTRs of bep mRNAs (Montana et al+, 1997) , in contrast with what is found, for example, for bicoid mRNA in Drosophila (St Johnston, 1995) , even if we cannot rule out the possibility that in different experimental conditions other proteins can be detected+ Localization of bicoid mRNA to the anterior cytoplasm of the egg, indeed, involves three steps, which requires binding of three different proteins, staufen, exuperantia, and swallow, to its 39 UTR at different times (Stephenson et al+, 1988; St Johnston et al+, 1989; Macdonald et al+, 1991) + Moreover, only a protein of 69 kDa, which binds to the 39 UTRs of Vg1 mRNA, is instead functionally implicated in its localization in Xenopus oocytes (Melton, 1987; Schwartz et al+, 1992 )+ Isolation of LP54 allowed us to obtain some important information about its biochemical nature and temporal and spatial expression+ From its ability to bind to an ion-exchange column we ascertained that LP54 is a weakly basic protein, consistent with the fact that it binds RNA+ A fragment of 125 nt of the 39 UTR of bep3 mRNA is sufficient to permit binding to LP54, but a fragment of 80 nt of the 39 UTR containing the polyadenylation signal and a short poly A tail is not able to bind, ruling out the possibility that LP54 is a poly (A)-binding protein+ However, only cloning and sequencing of the cDNA corresponding to LP54 would help us to obtain more information about the presence of a characteristic RNA-binding domain (Bandziulius et al+, 1989 )+ For example, the protein staufen that binds to bicoid RNA in Drosophila contains a so-called double-stranded RNA-binding domain (St Johnston et al+, 1992)+ Moreover, similar studies in Xenopus oocytes led to the isolation of an RNA-binding protein called p54 (Murray et al+, 1992 )+ This protein is homologous to another Xenopus protein, called p56, identical to the protein FRGY2, reported as a DNA-binding transcription factor specific for the DNA "Y box" motif present in the promoter region of some genes (Tafuri & Wolffe, 1990 )+ Thus it has been suggested that p54 and p56 have the double function of RNA-and DNA-binding proteins acting at both the transcriptional and posttranscriptional levels+ LP54 is already present in the unfertilized egg, indicating its maternal origin, and is present during all the developmental stages up to the pluteus stage of P. lividus+ Importantly, its spatial distribution in the egg and embryo corresponds to that of bep mRNAs (Di Carlo et al+, 1994; Montana et al+, 1996) + A gradient distribution of LP54 is found in unfertilized eggs, and at fertilization, is localized to a restricted region of the animal pole, as identified by the pronucleus position (Di Carlo et al+, 1994 )+ Subsequently, in the embryos, LP54 is mostly present in the regions derived from the animal half of the egg and is finally present in the oral structures of the pluteus+ Considering that bep1 and bep4 mRNAs are expressed only until the gastrula stage, whereas bep3 mRNA is expressed up to the pluteus stage (Di Carlo et al+, 1994; Montana et al+, 1996) , we conclude that LP54 is present in the same regions as bep mRNAs+ Copurification of LP54 with microtubules suggests that it is involved in specific association of bep mRNAs with the cytoskeleton, although we cannot exclude that additional factors are involved in this association+ LP54, however, is able to bind specific RNAs as well as microtubules, probably with different domains+ Microtubule association has also been demonstrated for the Vg1 RNA-binding protein (Elisha et al+, 1995) , which appears to recognize a vegetal localization motif, present in two vegetal localized RNA, Vg1 and TGFb-5, but not in the An2 RNA of Xenopus, which is localized in the animal side of the egg (Schwartz et al+, 1992 )+ Cloning of Vg1 RNA-binding protein revealed high homology with the zipcode-binding protein implicated in the microfilament-mediated localization of b-actin mRNA in fibroblasts (Ross et al+, 1997; Havin et al+, 1998; Oleynikov & Singer, 1998 )+ Moreover, a protein named Vera was also demonstrated to be involved in Vg1 mRNA localization (Deshler et al+, 1997 )+ This protein, which apparently corresponds to the Vg1 RNA-binding protein, mediates the interaction between the 39 UTR of Vg1 and the endoplasmic reticulum associated with the vegetal cortex in Xenopus oocytes+ The microtubuleassociated proteins, called MAPs, have been found in several eukaryotic cells+ Moreover, MAP2 mRNA has been found localized in dendrites of rat neurons and it has been suggested that its localization has a role in controlling the synthesis of this protein during dendrite development (Garner et al+, 1988; Matus, 1991 )+ LP54 may be a type of a MAP with a localizing and a structural role+ All these data raise the possibility that a common mechanism for associating specific RNAs with the cytoskeleton may be employed for specific needs in different systems+
Microinjection of anti-LP54 antibodies produces delocalization of bep3 mRNAs from their fixed position at the animal pole (Montana et al+, 1996) , indicating that this protein is necessary for this process and that the 39 UTRs of bep3 mRNA contains a signal recognized by LP54 (Montana et al+, 1998 )+ The broader localization of bep3 mRNA compared to that of LP54 protein (Figs+ 5C and 7B) might be explained by the fact that bep3 mRNA probably did not reach its final destination at the moment of sampling+ Bep3 mRNA is distributed as a gradient in the unfertilized egg and after fertilization moves to the subcortical region (Montana et al+, 1996) + Depending on the time at which the fertilized egg is fixed, a delay of 1 or 2 min may be significant, and it is possible to detect slightly different staining patterns+ We have previously shown the distribution of bep1 and bep4 mRNAs in P. lividus egg, and it appears to be similar to that of LP54 (Di Carlo et al+, 1994 )+ However, the maintenance of bep3 mRNA localization after microinjection of preimmune serum confirms that the release of bep3 mRNA was not due to nonspecific toxic effects+ At the moment we do not know how the interaction occurs and which parts of LP54 and of 39 UTRs of bep mRNAs are involved+ We cannot rule out the possibility that the localization role may be played by LP54 for other P. lividus maternal mRNAs+
MATERIALS AND METHODS
Preparation of egg extract and fractionation on an ion-exchange column
About 6 ϫ 10 6 P. lividus eggs were homogenized in 2 vol of TGKED (50 mM Tris, pH 7+5, 25% glycerol, 50 mM KCl, 0+1 M ethylene diamine tetraacetic acid (EDTA), 0+5 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF)) on ice+ After centrifugation at 10,000 rpm for 10 min at 4 8C in a JS13 Beckman rotor, the supernatant was extensively dialyzed against 10 mM Tris, pH 8+8, 1 mM EDTA (TE)+ Altogether, about 600 mg (100 mg/mL) of protein were obtained+ The supernatant was loaded in aliquots of 1 mL onto a Q Sepharose Fast Flow ion-exchange column (Pharmacia), containing 1 mL of packed beads, equilibrated with TE+ The column was washed with TE (fraction 1) containing progressively increasing amounts of 50 mM (fraction 2), 100 mM (fraction 3), 250 mM (fraction 4), 500 mM (fraction 5) and 1 M NaCl (fraction 6), at a flow rate of roughly 15 mL/h+ Finally, the column was washed with 10 mM Tris, pH 3+0, 1 mM EDTA containing 500 mM NaCl to elute the strongly bound proteins+ Equivalent volumes of the egg lysate loaded on the column and of the proteins eluted from each fraction were visualized on a 10% SDS-PAGE electrophoresis by Coomassie brilliant blue staining or transferred onto nitrocellulose membranes using a Multiphor Blot apparatus (LKB, Uppsala, Sweden) to be employed for Western blot or Northwestern experiments according to Montana et al+ (1997) + The fractions containing LP54 were loaded onto a preparative 10% SDS-PAGE and the band corresponding to this protein was electroeluted utilizing an Electro-Eluter apparatus (BioRad)+ The recovered protein (about 1 mg) was precipitated with 5 vol of cold acetone for 2 h at Ϫ20 8C+ After centrifugation at 10,000 rpm, the protein recovered from the elution was resuspended in two-dimensional buffer (2+5% Nonidet, 4 M urea, 50 mM DTT, and 4% ampholine mixture)+
Two-dimensional polyacrylamide gel electrophoresis
First dimension
Non-equilibrium pH gradient gel electrophoresis (NEPHGE) was carried out essentially according to the procedure of O'Farrell et al+ (1977) using ampholines pH 3-10 and pH 2+5-5 (Pharmacia, Uppsala, Sweden) in a 4% polyacrylamide gel+ Before the run, the samples were denatured for 30 min at 50 8C in the presence of two-dimensional buffer+ Electrophoresis was carried out in a minigel slab for 5 h at 5 V/h+
Second dimension
At the end of the first dimension, the gel was cut into strips and each of these was equilibrated with sample buffer (62 mM Tris-HCl, pH 6+8, 5% sodium dodecyl sulfate (SDS), 10% DTT) and applied to a 6% SDS-PAGE minigel slab+ The gel was stained by means of a silver-staining procedure or transferred onto nitrocellulose for Northwestern analysis+ Production of antiserum LP54 protein was recovered from several preparative twodimensional gel electrophoreses to eliminate any contaminants not detectable by staining+ After the second dimension, the band was electroeluted again as described above+ After this recovery we obtained about 600 mg of protein, 60% of the total coming from the first elution+ The rabbit was immunized by subcutaneous injection of about 100 mg of electroeluted protein, suspended in 100 mL of Freund's complete adjuvant, and afterward boosted (as described above but replacing Freund's complete adjuvant with incomplete adjuvant) at weekly intervals for four weeks+ The rabbit was bled one week later and the blood allowed to clot overnight at room temperature+ Following centrifugation to remove the clotted blood and platelets the LP54 antiserum was aliquoted and stored at Ϫ20 8C+ Serum was tested by means of the Outherlony double diffusion experiment+ IgG were purified by affinity chromatography on Protein A-Sepharose (Pharmacia) and dialyzed extensively against 10 mM Tris, pH 8+0+
Competition of binding analysis
Purified LP54 (100 ng per lane) was loaded onto 10% SDS-PAGE and transferred to PVDF membrane (Millipore) using an LKB Multiphor blot apparatus+ The blot was denatured and renatured as described by Schumacher et al+ (1995) + Four stripes were separately incubated with preimmune serum 1:1 diluted or with anti-LP54 1:1,000, 1:100, and 1:1 diluted in 1ϫ binding buffer (10 mM Tris, pH 7+5, 50 mM NaCl, 1 mM EDTA) overnight at 25 8C+ After washing in 1ϫ binding buffer, the Northwestern assay was carried out according to Montana et al+ (1997) +
Whole-mount immunohistochemistry
Unfertilized, and demembranated fertilized P. lividus eggs and embryos were fixed in methanol, and immunohistochemistry was carried out according to Romancino et al+ (1998) + For the immunoreaction, the primary antibodies diluted 1:2,000 were incubated overnight at 4 8C, and as secondary antibodies, an anti-rabbit HRP diluted 1:500 was incubated for 1 h at room temperature with the fixed cells+ The samples were then stained with diamminobenzidine (DAB) buffer (10 mL of 50 mM Tris, pH 6+8, 5 mg DAB, 10 mL 30% H 2 O 2 ) for 10 min+ Finally the eggs and embryos were resuspended in 80% glycerol in PBS and examined by microscopical inspection and photographic recording+
Preparation of microtubule proteins
Microtubule proteins were isolated by means of three cycles of pH-and temperature-dependent assembly from sea urchin fertilized eggs essentially as described by Suprenant et al+ (1989) + Demembranated eggs (Montana et al+, 1996) were homogenized in an equal volume of ice-cold lysis buffer containing 100 mM PIPES, pH 7+2, 4 mM ethylene glycol-bis( baminoethyl ether)-N,N,N9,N9-tetraacetic acid (EGTA), 1 mM MgSO 4 , 1 mM guanosine-59-triphosphate (GTP), 1 mM DTT, 0+2 mM PMSF, and 10 mg/mL leupeptin+ Homogenates were centrifuged at 18,000 rpm for 45 min at 4 8C+ Microtubules were polymerized in the supernatant fraction by raising the temperature of the extract to 24 8C for 30 min after the addition of 8% DMSO in the presence of 1 mM GTP+ Microtubule pellets obtained by centrifugation (18,000 rpm, 30 min, 24 8C) were depolymerized in ice-cold microtubule-assembly buffer at pH 6+9, 100 mM PIPES, pH 7+2, 4 mM EGTA, 1 mM MgSO 4 , 1 mM GTP, 1 mM DTT, 0+2 mM PMSF, and 3 mg/mL leupeptin and centrifuged again at 18,000 rpm for 30 min at 4 8C+ The cold-labile microtubule protein in the supernatant was assembled and disassembled again to obtain a second cold supernatant of soluble microtubule protein that was dissolved in a 2ϫ sample buffer+ The Western blot of the purified microtubule proteins was incubated with preimmune serum or anti-LP54 antibodies and anti-a-tubulin (T-5168, clone B-5-1-2, Sigma), anti-MAP2 (M1406, clone AP-20, Sigma), antihsp60 (gift of Professor A+M+ Rinaldi), and anti-actin (A-4700, clone AC-40, Sigma) antibodies+
Microinjection of antibodies in P. lividus eggs
Dejellied P. lividus eggs were microinjected with about 30,000 molecules/2 pL (about 10 Ϫ5 ng) of purified anti-LP54 antibodies (about 150 eggs for three experiments) or about 30,000 molecules/2 pL of purified antibodies from preimmune serum (about 50 eggs for three experiments) using an Eppendorf apparatus+ After fertilization, monitored by the presence of the fertilization membrane, the embryos were fixed in 4% paraformaldehyde and whole-mount ISH was carried out according to Montana et al+ (1996) + In each experiment, roughly 50 eggs injected with anti-LP54 antibodies were utilized, with antisense bep3 mRNA for ISH, or with sense bep3 mRNA as control for ISH, or for immunoassay+ Hybridization was carried out in 50% formamide, 5ϫ SSC, 50 mg/mL heparin, 500 mg/mL yeast tRNA, 0+1% Tween, using as a probe the sense or antisense in vitro DIG transcript of the AccI-XhoI fragment of bep3 mRNA at a final concentration of 5 ng/mL (Montana et al+, 1996) + Some eggs microinjected with anti-LP54 antibodies or preimmune serum were utilized for an immunoassay using an anti-rabbit IgG alkaline phosphatase (AP) conjugate (Sigma)+
